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Abstract. The ability to detect faults and predict loads on a wind turbine drivetrain’s 
mechanical components cost-effectively is critical to making the cost of wind energy 
competitive. In order to investigate whether this is possible using the readily available power 
converter current signals, an existing permanent magnet synchronous generator based wind 
energy conversion system computer model was modified to include a grid-side converter 
(GSC) for an improved converter model and a gearbox. The GSC maintains a constant DC link 
voltage via vector control. The gearbox was modelled as a 3-mass model to allow faults to be 
included. Gusts and gearbox faults were introduced to investigate the ability of the machine 
side converter (MSC) current (Iq) to detect and quantify loads on the mechanical components. 
In this model, gearbox faults were not detectable in the Iq signal due to shaft stiffness and 
damping interaction. However, a model that predicts the load change on mechanical wind 
turbine components using Iq was developed and verified using synthetic and real wind data. 
1.  Introduction 
Extreme wind conditions such as gusts can lead to very large loads on the turbine that cause fatigue, 
shut-downs and damage to components such as the gearbox [1]. In response the condition of wind 
turbine components is monitored so that a developing fault can be detected and appropriate action 
taken. This allows maintenance to be scheduled before the impact on the system has become too large, 
resulting in lower downtimes and lower cost of energy (CoE) [2]. 
Condition monitoring (CM) techniques such as vibration and strain measurement require expensive 
sensors that are often impractical in the high-torque applications of wind turbines [3]. Using readily 
available signals from other areas of the turbine could prove an inexpensive alternative CM approach. 
The power converter could provide this information for CM applications; the converter should 
respond to any disturbances and therefore its signals should show the drive train response. For 
example, the quadrature-axis component of the machine side converter (MSC) current signal (Iq) 
controls the real power flow and contains torsional information from the drive train. Monitoring Iq 
could provide useful information about torsional loads on components that could be used for early 
fault detection without extra sensors. 
This investigation focuses on whether power converter signals can be used for CM with a focus on 
two potential applications: 
1. Gear tooth failure detection. 
2. Mechanical load estimation from damaging gusts. 
  
 
 
 
 
2.  Approach 
To carry this work out a drive train model was required. The model developed at Durham in Simulink 
[4] was used. It is a drivetrain model of a fully rated, direct-drive 2MW permanent magnet 
synchronous generator (PMSG) wind turbine with two voltage sources connected to ground simulating 
the DC link. To make this model suitable for this study the following modifications were made: 
1. A full grid-side converter (GSC) was added for a more realistic converter model. 
2. A gearbox was added. 
3. A gearbox fault model was used to provide fault conditions. 
4. A gust model was added to provide data for load prediction. 
A schematic of the final model is shown in figure 1. This section outlines how these aspects were 
modelled. Modifications to the PMSG and MSC as a result of including a gearbox are also detailed. 
Figure 1. Schematic of the 2MW geared PMSG wind energy conversion system. MPPT stands for 
maximum power point tracking. 
2.1.  Grid-Side Converter 
The main objective of the GSC is to control power flow between converter and grid to maintain a 
constant DC link voltage regardless of the power input from the MSC (figure 1). In this configuration 
the GSC acts as an inverter and the MSC acts as a rectifier. The GSC was modelled as a 2-level 
insulated-gate bipolar transistor (IGBT)/diode pair active inverter. In the model the ‘Universal Bridge’ 
block from the Simulink library was used with the power electronic device set to ‘IGBT/Diodes’. It is 
controlled using the ‘PWM Generator (2 level)’ block that takes the voltage from the grid side 
controller as the modulating input signal. The DC-link voltage is 1150VDC. The grid is represented as 
ground connected to a three phase programmable voltage source connected to the GSC via inductors. 
To control the GSC, vector control was chosen as it is able to respond to transient events more 
robustly than load angle control [5]. Figure 2 outlines the control schematic for the GSC. Id is the 
direct-axis current, Vd is the direct-axis voltage, ω is the grid frequency (rad/s), L is the grid 
inductance, VDC_link is the DC-link voltage, Vq is the quadrature-axis voltage, Vd,r is the converter 
reference Vd, Vq,r is the converter reference Vq, and V0 is the 0-component voltage. To convert between 
3-phase sinusoidal and direct-quadrature-zero (dq0) reference frames the Park and inverse Park 
transforms were used. 
2.2.  Gearbox Model 
The gearbox is connected to the hub via the low-speed shaft and to the generator via the high-speed 
shaft. It increases the speed of the incoming turbine speed to the desired generator speed while 
reducing the torque by a gear ratio NGB. The dynamic interactions of the rotor, gearbox and generator 
  
 
 
 
 
were modelled as a 3-mass model. Higher order models were considered, however no data was found 
and the 3-mass model represents the dynamic interactions of the rotor, gearbox and generator 
adequately for this project. The 3-mass model is shown in figure 3. JR is the rotor moment of inertia, 
JGB is the gearbox moment of inertia, Jm1,2 are the equivalent moments of inertia for the low and high 
speed gear sections respectively, Tm1,2 are the equivalent mechanical torques for the low and high 
shafts respectively and Jg is the generator moment of inertia. 
  
Figure 2. Vector control scheme for the GSC. Figure 3. Schematic of the 3-mass model 
dynamics. 
 
The first mass in the rotor, the second mass is the gearbox and the third mass is the generator. The 
model uses the principles of a mass-spring-damper system where each mass has inertia J and each shaft 
a stiffness K and viscous damping B. The second mass (gearbox) is divided into two parts that are 
related through NGB to represent the difference in speeds of each gear. As such the resulting Tm1,2 and 
rotational speeds of the various components (ω) can be represented using equations (1-6). 
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Where B1,2 are the viscous damping of the low and high-speed shaft respectively, K1,2 are the shaft 
stiffnesses of the low and high-speed shafts respectively, ωr is the rotational speed of the rotor, ωm1,2 are 
the rotational speeds of the low and high-speed gear components respectively, ωg is the generator 
rotational speed. Tr is the rotor torque, Tg is the generator torque, and Te is the electromechanical torque. 
The torque and speed across the rotor and generator are related through the gearbox ratio, NGB using 
equation (7). 
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Due to the new torque and speed in the generator from [4], changes of the PMSG were made to 
accommodate the current and voltage requirements. To keep the current and voltage outputs the same 
equations (8) and (9) were used. The number of poles was reduced to 4 because the generator has a 
rotational speed of 1500rpm. The flux density was changed to 1.611Vs and the armature inductance was 
changed to 0.4mH. 
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p is the number of generator poles, φ is the generator flux linkage, Vd,m is the MSC direct-axis 
voltage, Ld is the direct-axis generator inductance, and Rs is the stator resistance. The data for the 3-mass 
model has been taken from research papers and is given in Appendix B.  
2.3.  Gearbox Fault Model 
The most severe gearbox failure modes that arise from extreme wind conditions have been identified as 
fretting corrosion and high cycle bending fatigue [6]. Fretting corrosion is the deterioration of 
contacting gear tooth surfaces as a result of vibratory motion between teeth and is this study’s focus.  
The gear friction coefficient varies according to three different types of surface structure: adhesion, 
unevenness and wear [7]. Friction losses in the gears are part of the normal force exerted by each gear at 
the point of contact FN as a friction factor µ . Due to difficulties involved in the estimation of the µ with 
lubrication it is often assumed constant [8] and was not used in this project due to a lack of relevant 
experimental data in the literature. As gears are well lubricated this assumption was deemed 
satisfactory. 
Instead, the gear wear impact on stiffness was considered. The effect of tooth wear on the mechanics 
of the system has previously been examined and it was found that gear tooth wear causes a reduction in 
the stiffness of the gear. It was found that it can be modelled as a rectangular pulse wave or a half sine 
function. The half sine wave function is used in detailed gearbox models that include the gear meshing 
process in their calculations [9]. For this model the rectangular pulse function was chosen as it 
represents the fault accurately for the purpose of this investigation. 
The reduction of the gear tooth stiffness can be calculated according to equation (10). 
 wear g wK K l A=  (10) 
 Where Kwear is the wear stiffness, Kg is the hertz contact stiffness, lw is the wear length and A is the 
amplitude of wear. 
 Typical values of lw are between 1 and 2mm and A typically has a value between 0 and 1 [9]. The 
contact stiffness with a wear fault present, Kg,wear, is given as the difference between the non-faulty gear 
stiffness and the wear stiffness as in equation (11) [9]. 
 g,wear g wearK K K= −  (11) 
 The relationship between the contact stiffness of the gears and the stiffness of the shaft can be 
modelled as springs connected in series. The total stiffness KTotal is calculated from Kg and the shaft 
stiffness KS as in equation (12). 
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The effect of tooth wear in the gearbox was modelled as a reduction in the total stiffness every time 
there is contact with a worn gear tooth as shown in figure 4. The total stiffness is applied across the 
shaft in the model.  
Figure 4. The stiffness relationship in a worn gear. 
 
Other faults such as gear cracks have been modelled using a periodic cosine based variation in shaft 
stiffness given in (13) where Kcrack is the reduction in shaft stiffness due to the crack that can be 
calculated using finite element analysis [9, 10]. The underlying calculations for a crack fault and a wear 
fault are very similar as they both rely on a periodic reduction in the shaft stiffness due to a fault. 
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Gearbox faults are often modelled as a periodic variation in tooth stiffness to indicate the presence of 
a fault. As a widely used, well-established method of modelling faults and experimental data available, 
it was chosen in this project. 
A typical gearbox in a wind turbine has 3-stages with a planetary gearbox at the first stage, coupled 
to two parallel gearboxes at the second and third stage [11]. Due to the speed dependency of the gear 
fault model, faults can be introduced into any of the gear stages. Appendix A gives a summary of the 
gear ratios and output speeds corresponding to the individual stages. 
2.4.  Gust Model 
Existing gust models rely on real wind data to model the amplitude, duration and gust shape 
introduced along with a running average wind speed [12, 13]. These wind gust profile characteristics 
can be extracted and applied using square or cosine shaped wind profiles that have a gust amplitude, 
duration and frequency. The maximum gust speed (UG,max) in a given time period is calculated from the 
gust factor G(t) in equation (14). An expression for the gust factor is given in equation (15) [14]. 
 ( )G,max WU G t U=  (14) 
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Where Uw is the mean wind speed, Iu is the longitudinal turbulence intensity, and tG is the gust 
duration. 
The International Electrotechnical Commission (IEC) has divided the value for turbulence intensity 
into three categories - higher, medium and lower turbulence characteristics with values of 0.16, 0.14 and 
0.12 respectively [15]. The underlying square wave gust characteristic was used as the basis for all gust 
analysis. 
 For the load prediction model gust, 10 gust categories were defined, each representing a reduction in 
the gust wind speed (table 1).  
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Table 1. Gust category assignment. 
Gust Category UG Gust Category UG 
1 (UG+UW) + UW 6 [(UG + UW)/2.25] + UW 
2 [(UG + UW)/1.25] + UW 7 [(UG + UW)/2.5] + UW 
3 [(UG + UW)/1.5] + UW 8 [(UG + UW)/3] + UW 
4 [(UG + UW)/1.75] + UW 9 [(UG + UW)/4] + UW 
5 [(UG + UW)/2] + UW 10 [(UG + UW)/6] + UW 
3.  Results 
The section presents and discusses the results of gearbox fault detection using converter signals (section 
3.1), and estimating turbine drive train loads from gusts using converter signals (section 3.2). 
3.1.  Gearbox Fault Detection 
Gearbox wear faults were introduced using the method outlined in section 2.3. The first fault was 
introduced as a wear fault with wear amplitude 0.5 and wear length 1mm present on every other tooth, 
giving a fault frequency of 1.72Hz. The incoming wind speed was constant at 7m/s. The parameters 
used to introduce the first fault in the second gearbox stage of the gearbox are detailed in Appendix B.  
By taking the Fast Fourier Transform (FFT) of the MSC Iq signal the frequency spectrum was 
computed to identify differences between the ‘healthy’ (no fault) and faulty spectrum. Figure 5 shows 
the frequency response of the MSC Iq signal in its ‘healthy’ and faulty state as well as the amplitude 
difference between the healthy and faulty state. It can be seen that there is no clear difference in the 
spectrum at the fault frequency. There is a small difference at 2Hz, where both the healthy and the faulty 
spectrum show a spike due to control errors.  
Figure 5. MSC Iq frequency response 
 
It was investigated why the fault does not appear in the MSC Iq frequency spectrum by looking at the 
frequency spectrum of the relevant torque components. The torque across the high speed shaft is an 
input to the PMSG and is used to determine the MSC Iq and is result of the addition of the torque due to 
stiffness (TK) and the torque due to damping (TB). Figure 6 shows the frequency spectrum of each of 
these individual torque signals in their ‘healthy’ state and their faulty state. It can be seen that the fault is 
visible in the frequency spectrum of TK and TB (figure 6), yet is no longer visible in the resulting total 
torque spectrum (figure 5).  
To understand the impact of the damping and stiffness components on the fault frequency response, 
the time sequence of TK and TB was monitored with the fault present (figure 7). The time sequences 
showed that the oscillatory motion of TK due to the fault is counteracted by an opposite oscillatory 
motion from TB removing the oscillation due to the fault from the frequency spectrum. 
0 5 10
-2
-1
0
1
2
Frequency (Hz)
Am
pl
itu
de
 
Di
ffe
re
nc
e 
(A
)
0 5 10
0
1
2
3
Frequency (Hz)
M
SC
 
Iq
 
Am
pl
itu
de
 
(A
)
 
 
Fault
No Fault
  
 
 
 
 
Figure 6. Frequency spectrum of mechanical torque components. 
Figure 7. Temporal spectrum of mechanical torque components. 
 
The amplitude of the torque due to damping counteracts the amplitude of the torque due to stiffness 
exactly, resulting in a critically damped system. The gearbox was modelled analogous to a mass-spring-
damper system. In this system the role of the damper is to reduce or prevent oscillations. The fault 
amplitude was varied in the full range of 0 to 1 and the wear length was varied in the full range of 1mm 
to 2mm and the input speed was varied. However in each case the system remained critically damped, 
resulting in the fault not appearing in the MSC signals. 
In a real gearbox the torque due to damping and torque due to stiffness cannot be measured 
separately as they have been in this model. In a real gearbox the system parameters might not be as 
perfectly balanced as in this modelled system and the damping might not have the same effect as in this 
model. Thus there is a possibility that faults can be detected in the MSC Iq signal of a real gearbox 
system where the components and parameters are not as balanced as in this drive train model. 
3.2.  Load prediction on mechanical components using MSC signals 
The MSC converter signal spectrum changes with the incoming wind speed and wind pattern. Wind 
gusts at varying frequencies appear clearly on the spectrum and can be monitored using the MSC 
signals. Figure 8 shows the variation of the frequency spectrum as the gust frequency of the incoming 
wind is varied at a mean wind speed of 7.5 m/s using the maximum gust speed.  
Simulations were done at different speeds and constant gust frequency of 3Hz. A relationship 
between the MSC Iq amplitude and the difference in rotor torque magnitude was derived for each gust 
category using simulation results as data points. The result for the first, second and third gust categories 
are shown in Figure 9 with equations (16-18) representing their relationship respectively. Tr is the 
change in mechanical load on the rotor in kNm. 
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Figure 8. MSC Iq frequency spectrum for 
different gust frequencies. 
Figure 9. Tr vs MSC Iq amplitude for 
different gust categories. 
 
 
GC 1: 0.6238r q137.7T I∆ =  (16) 
 
GC 2: 0.6206r q130.21T I∆ =  (17) 
 
GC 3: 0.6176r q123.92T I∆ =  (18) 
With this information, a load prediction model can be constructed. The proposed model works on 
the basis that the wind speed and MSC signal amplitudes can be measured. A flowchart of its 
operating principle is illustrated in Figure 10. The wind is monitored and depending on the mean wind 
speed and gust magnitude it can be assigned a gust category. Each gust category has an equation 
relating the change in torque and the MSC current amplitude for an assigned frequency range. 
Figure 10. Flowchart of the load prediction model. 
 
Depending on the gust category and gust frequency, an equation is selected from which Tr can be 
calculated. The frequency ranges become smaller as the gust frequency decreases because the change 
in Iq amplitude increases. Severe load changes can then be counted to estimate the mechanical fatigue. 
In order to verify the functionality of this method a variety of ideal category 1 gusts with different 
mean wind speeds were inputted into the model. The MSC Iq FFT amplitude was measured and the 
expected load on the rotor was calculated according to equation (Tr,est) (16). Tr,est was compared to 
the measured torque from the simulation (Tr,sim) using the percentage error. 
The results are summarised in table 2. The percentage error between the measured and the 
calculated error is very small, below 1%. This shows that the model is able to predict the load on the 
mechanical components in the wind turbine drive train through MSC signal measurements adequately. 
The model was tested using real wind data from the anemometer on a 1.5MW variable speed wind 
turbine in order to investigate the accuracy of the model using a real, non-ideal wind characteristic. 
The data was identified as GC 10 and frequency 0.29Hz. The equation relating Tr,est and MSC Iq in 
this case is given by (19). Table 2 gives a summary of the results.  
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Table 2. Model Verification and response to real wind input. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.7445
r,est q15.739T I∆ =  (19) 
The percentage error for the real wind is higher than for the ideal wind. This is expected as the real 
wind gusts have a larger variation in duration and magnitude. The frequency of the gusts in the real 
wind characteristic is not as clear as in the ideal characteristic. The frequency categories allow for 
some variation that increases the percentage error. For a mean wind speed of 8.5m/s with gusts of 
frequency 0.29Hz the difference between the maximum (GC 1) and minimum (GC 10) change in rotor 
torque is 555910Nm. The difference between the calculated and measured rotor torque from Table 3 is 
5881.9Nm, which is 100 times smaller than the difference between GC1 and GC10. This indicates that 
the model has the ability to estimate the change in load using real wind characteristics well.  
4.   Conclusion 
CM of wind turbine components allows appropriate action to be taken to minimise the impact of 
developing faults but currently requires expensive sensors and data acquisition devices. This paper 
investigates whether converter signals, which are already monitored by turbine controllers, can be 
used for CM. 
A drive train model was modified to include a gearbox, GSC and gearbox fault model to determine 
whether gearbox faults could be detected in the converter signals. Gusts were also modelled to 
determine if drive train mechanical loading could be predicted using converter signals. The 
conclusions from this study are: 
• Gear wear cannot be detected in the MSC signals due to the model damping effects. However, 
physical testing should be carried out to explore the impact of non-ideal dynamics. 
• A model using MSC signals successfully predicted the load changes in the turbine with a 
percentage error < 1% under ideal wind conditions, and <6% for a real wind speed case. 
Further investigations into the magnitude of load changes that cause mechanical component 
damage could lead to the application of this accurate MSC-based load prediction model to prevent 
gearbox faults through turbine shutdown during damaging wind conditions. 
Appendices 
Appendix A. 3-stage gearbox gear ratios. 
 
 
 
UW (m/s) MSC Iq (A) Tr,est (Nm) Tr,sim (Nm) % Error 
 
 Verification (GC 1)   
5.5 4.536 353636.5 350370 0.92 
6.2 6.648 448868.5 445450 0.76 
7 9.84 573264.2 568160 0.89 
8.2 16.344 786715 780330 0.81 
 
 Real wind input (GC 10)   
8.4 11.82 98978.5 104860 5.9 
 
Stage 1 Stage 2 Stage 3 
Gear type Planetary Parallel Parallel 
Gear ratio 1:16.667 1:2 1:2 
Output speed 375rpm 750rpm 1500rpm 
  
 
 
 
 
Appendix B. Data for 3 mass model and gear faults. 
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